DNA chips are playing important roles in molecular biology, pharmaceutical research, and clinical applications. While most DNA chips use fluorescence detection, 1 many types of solidstate biosensors have been developed by combining biotechnology and semiconductor technology. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, field-effect-transistor (FET) sensors have been used to electrochemically detect DNA hybridization events on solid surfaces. 3, [8] [9] [10] [11] [12] [13] [14] Since a DNA molecule contains phosphate ions, which are negatively charged in an aqueous solution, the number of negative charges on the gate surface of the FET sensor increases as the result of hybridization and extension reactions.
Introduction
DNA chips are playing important roles in molecular biology, pharmaceutical research, and clinical applications. While most DNA chips use fluorescence detection, 1 many types of solidstate biosensors have been developed by combining biotechnology and semiconductor technology. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, field-effect-transistor (FET) sensors have been used to electrochemically detect DNA hybridization events on solid surfaces. 3, [8] [9] [10] [11] [12] [13] [14] Since a DNA molecule contains phosphate ions, which are negatively charged in an aqueous solution, the number of negative charges on the gate surface of the FET sensor increases as the result of hybridization and extension reactions.
The charge-density change can be directly transduced into an electrical signal by the field effect. The FET sensor can thus detect DNA without labeling. Based on this principle, not only DNA hybridization detection, but also single-nucleotide polymorphism analysis, 8, 12 has been carried out by using the FET sensor. Moreover, the charge-density change on a silicon-nitride (SiN) gate surface caused by singlebase extension could be measured as a shift in the gate voltage. 14 This result indicates that it is possible to realize labelfree DNA sequencing based on the intrinsic charges of DNA molecules. The DNA hybridization efficiency is affected by the immobilization procedure for the DNA probes on the sensing surface of the FET sensor. Generally, FET sensors with a SiN gate insulator are used for DNA detection. 9, 11, 12, 14 In this case, a silane-coupling method, which has many complicated steps, was applied to immobilize the DNA probes on the SiN surface; this method makes it difficult to control the DNA probe density. 9, 11 In addition, the FET sensor with a SiN gate insulator must be operated in a dark environment, such as a lightshielding box, because of its light sensitivity. To solve the above-mentioned problem, we designed an extended-gate FET sensor with a gold-sensing electrode, 13 to which a gold-thiol bond could be applied. The use of the gold electrode enabled us to immobilize DNA probes on the gold surface by simply spotting a DNA-probe solution. Since the gold electrode is located in a different area from the FET, it can be operated without a light-shielding box by masking only the FET. However, when the FET sensor with the gold electrode is used in an aqueous solution, fluctuation of the interface potential on the gold surface occurs, resulting in decreased sensitivity. To improve the sensitivity by reducing the fluctuation, we propose a measurement technique using a highfrequency voltage superimposed onto a reference electrode of the FET sensor. The fundamental characteristics of the FET sensor with the superimposed high-frequency voltage were measured as a change in the drain current of the FET sensor after dipping it into the aqueous solution. With a superimposed high-frequency voltage of over 1 kHz, the time required to stabilize the drain current of the FET sensor was not only shortened to about 5 min, but the fluctuation of the drain current was also reduced. By applying the proposed measurement technique using a superimposed high-frequency voltage onto the reference electrode, DNA hybridization and extension reactions were successfully detected by the FET sensor.
transduces hybridization events on the gold electrode into electrical signals. The gold electrode (0.4 × 0.4 mm) was fabricated by sputter deposition of an adhesion layer of nickeltungsten alloy, and then a gold layer (100 nm, 99.99% purity) on a sensing area of the FET. The FET has an n-channel depletion-type structure formed by As + ion implantation at 120 keV at a dose of 6.0 × 10 11 molecules/cm 2 . The channel region is 2400 × 5 μm (W × L), and the gate insulator of the FET consists of a 17.5-nm-thick SiO2 layer formed by wet oxidation under a 1.3-μm-thick Si3N4 layer formed by chemical vapor deposition. Its gate terminal is connected to the gold electrode by an Al wire ( Fig. 1(b) ). FET (but not the gold electrode) was masked with a shielding material, such as silicone sealant.
Chemicals and reagents
The following chemicals and reagents were used in the experiments: sodium sulfate decahydrate, potassium hydroxide, ethyl alcohol (99.5%), and ethylenediamenetetraacetic acid disodium salt dehydrate from Wako Pure Chemical Industries, Ltd. (Osaka, Japan); tris(hydroxymethyl)aminomethane from Invitrogen Life Technologies (UK); 6-hydroxyl-1-hexanethiol (6-HHT), 6-amino-1-hexanethiol (6-AHT), 5-carboxyl-1-pentanethiol (5-CPT) from Dojindo Laboratories (Kumamoto, Japan); DNA polymerase I from Klenow Fragment; EXO(-) from Funakoshi (Tokyo, Japan); magnesium acetate tetrahydrate, and dithiothreitol (DTT) from Sigma (MO, USA); 2′-deoxyadenosine-5′-triphosphate (dATP), 2′-deoxycytidine-5′-triphosphate (dCTP), 2′-deoxyguanosine-5′-triphosphate (dGTP), and 2′-deoxythymidine 5′-triphosphate (dTTP) from GE Healthcare (NJ, USA); and HS-(CH2)6-5′-DNA-3′ (HSssDNA) from Sigma Genosys (Hokkaido, Japan).
All of the reagent solutions were made with deionized water (resistivity of 18.2 MΩ cm -1 or more) from an ultra-pure water system, Model WD500, Yamato Scientific Co., Ltd. (Tokyo, Japan).
Immobilization of DNA probes
A DNA-probe immobilized FET sensor was prepared by a competitive reaction, as described in a previous report. 13 An FET-sensor chip was rinsed twice with MilliQ water for cleaning. This chip was then dipped in an immobilization buffer (10 mM Tris-HCl buffer, 5 mM Mg, pH 7.2) including a DNA-probe mixture (mixture ratio of DNA probe and 6-HHT, 1:10) for 1 h and rinsed twice with a hybridization buffer solution (100 mM Tris-acetate buffer, 20 mM Mg, pH 7.75) to remove non-immobilized molecules. The chip was stored in the hybridization buffer solution until a measurement. The DNAprobe mixed solution contained 2-μM DNA with a thiol linker (HS-ssDNA): HS-(CH2)6-5′-CACAC TCACA GTTTT CACTT -3′ (complementary sequence of ALDH gene), and 20-μM 6-HHT in the hybridization buffer solution (150 μl). Before use, the DNA-probe mixture solution was kept at 95˚C for 60 s and then placed on ice until use.
Measurement procedures
To measure the surface-charge change on the gold electrode of the extended-gate FET sensor, 6-AHT and 5-CPT were used for alkanethiol molecules with an amino group and a carboxyl group, respectively. They were introduced onto the gold surface of the FET sensor in an aqueous solution (0.1 M sodium sulfate) at a final concentration of 50 μM. Cross-section and plane structure. Gold electrode (Au) (400 × 400 μm) and FET (W/L = 2400/5 μm) is connected with conductive wire (Al). Arsenic is doped, and the FET is n-channel depletion type. the FET sensor chip was rinsed twice with the hybridization buffer solution to remove any non-hybridized DNA, and then immersed in the buffer solution until a measurement. A primer extension reaction was carried out by placing an extension-reaction solution (0.3 U/μL exo(-) Klenow Fragment, 0.4 μmol/L dNTPs in hybridization buffer solution) with a total volume of 10 μL on the FET sensor. After the primer extension reaction, the FET sensor chip was rinsed twice with the hybridization buffer solution. Until use, it was kept in the buffer solution.
The electrical characteristics of the FET sensor were measured using a semiconductor parameter analyzer (Agilent 4155C, Tokyo, Japan). Measurement under dry conditions was performed by putting a probe needle directly on the gold electrode of the FET sensor and applying a gate voltage. When the FET sensor was used in an aqueous solution, the measurement was performed by immersing the FET sensor and an Ag/AgCl reference electrode with a saturated KCl solution in a buffer solution (Fig. 2) . For DNA detection, a 0.1-V DC voltage with a superimposed high-frequency sine wave (1 MHz, 0.2 Vp-p) was applied to the reference electrode.
Results and Discussion

Fundamental characteristics of an extended-gate FET sensor
It is well-known that an FET sensor with a SiN gate insulator is light sensitive. The FET sensor must therefore be operated in a dark environment, and needs a light-shielding box. If the light-shielding box is removed from the measurement system, it becomes a small-scale instrument. To realize this small-scale instrument, we proposed an extended-gate FET sensor with a gold electrode. 13 Because the gold electrode is located away from the FET, it is possible to mask the FET (but not the gold electrode) with a shielding material. The light-shielding effect of the extended-gate FET sensor is shown in Fig. 3 . As for the FET sensor without a mask, the drain-current curve with no light-shielding is shifted by -48 mV compared to the curve with the light-shielding (Fig. 3(a) ). In contrast, the masked FET sensor is hardly influenced by light at all, and the drain-current curve with no light-shielding is the same as that with lightshielding ( Fig. 3(b) ). The extended-gate FET sensor thus works properly without any light-induced current.
This result indicates that a small-scale biosensor can be realized by applying the extended-gate FET sensor.
Effect of a high-frequency voltage superimposed onto the gate electrode
When the FET sensor with the gold electrode is used in aqueous solution, a fluctuation of the interface potential on the gold surface occurs. In DNA-detection experiments, after the FET sensor is dipped into the solution to start the measurement, 1 h or more is required to stabilize the drain current of the FET sensor. As a result, the performance, e.g., sensitivity and accuracy, of the FET sensor decreases. To solve this problem, we developed a measurement technique using a high-frequency voltage superimposed onto the reference electrode. The effect of the superimposed high-frequency voltage was measured as a change in the drain current of the FET sensor after dipping it into in an aqueous solution (0.1 M sodium sulfate). The frequencies of the superimposed voltage were 1, 10, 100, 1 k, 10 k, 100 k, and 1 MHz. The DC voltage on the reference electrode was used as a reference. The FET sensor, on which DNA probes (5′-HS-(CH2)6-CACACTCACAGTTTTCACTT-3′) were immobilized, was used with a positive voltage and a negative voltage (±0.1-V DC voltage with a superimposed sine wave of 0.2-Vp-p) onto the reference electrode. The drain currents of the FET sensor with the positive and negative voltages on the reference electrode are shown in Figs. 4(a) and (b). With the DC voltage, the drain current changed greatly when the FET sensor was dipped into the solution, and 1 h or more was required to stabilize the drain current. Increasing the frequency of the superimposed voltage monotonically decreased the amount of the drain current change and the time required to stabilize the drain current. With a superimposed high frequency voltage of over 1 kHz, not only was the time required to stabilize the drain current of the FET sensor shortened to about 5 min, but the fluctuation of the drain current was also reduced. Moreover, less time was required to stabilize the drain current with the superimposed negative voltage than with the positive voltage (Fig. 4(c) ). The stabilization time is defined as time required to recover the drain current up to 95% of the final value. This result can be explained as follows. When a DNAprobe immobilized FET sensor was dipped into the aqueous solution, DNA probes immobilized on the gold electrode were entangled, and lied down on it. By applying a high-frequency voltage superimposed onto the reference electrode, they were disentangled immediately and became well-oriented in the direction of the electric fields. Because DNA molecules are negatively charged, the effect of negative voltage was larger than that of a positive voltage. Thus, the measurement technique with the high-frequency voltage superimposed onto the reference electrode made it possible to not only shorten the measurement time, but also to reduce the fluctuation of the drain current for highly sensitive detection.
The effect of this measurement technique was examined in the detection of a change in the surface charge on the gold electrode. The surface charge on the gold electrode was chemically controlled using alkanethiols. It is well-known that alkanethiols adsorb on a gold surface to form closely-packed oriented monolayers, 14 which are so-called self-assembled 77 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 monolayers (SAMs). The surface charge of the gold electrode can be easily changed by coating it with SAMs, which have two types of functional groups at the end of their alkyl chains, amino groups or carboxyl groups.
In this study, 6-amino-1-hexanethiol (6-AHT) and 5-carboxyl-1-pentanethiol (5-CPT) were used for alkanethiol molecules with an amino group and a carboxyl group, respectively. The amino group is positively charged (+1) and the carboxyl group is negatively charged (-1) in aqueous solution. The measurement was performed by the extended-gate FET sensor with high frequency (1 MHz) voltage superimposed onto the reference electrode. Typical draincurrent characteristics of the FET sensor with the chemically modified gold electrode are plotted in Fig. 5 . The drain current was stable during a measurement. In addition, the drain current decreased with no injection shock after introducing of alkanethiol molecules onto the gold surface. The drain current of the FET sensor with 6-AHT was larger than that of the FET sensor with 5-CPT. This result reflected the difference in the charge of the functional group on the gold electrode. Thus, the real-time detection of the molecular adsorption event on the gold surface was performed by applying the measurement technique using a superimposed high-frequency (1 MHz) voltage onto the reference electrode. For normalization, the measured values of the drain current at VGS = 0.5 V and VDS = 1.0 V were converted to the interface potential of the gold electrode. The interface potential of the modified gold electrode with 6-AHT and 5-CPT was 267 ± 38 and 197 ± 15 mV (n = 5), respectively. In this case, the difference (ΔV) in the interface potential between the modified gold electrodes with 6-AHT and 5-CPT was 70 mV. This result shows that ΔV was estimated to be 35 mV per one charge change on the gold electrode. The number of adsorbed molecules on the gold electrode was calculated by using the density of alkanethiol molecules (4 × 10 14 molecules/cm 2 ) 13,16 on the area of the gold electrode (400 × 400 μm). Therefore, this calculation indicates that the adsorbed molecules at 1 pmol on the gold electrode can be detected by the surface-charge change. According to this principle, the charge-density change due to DNA hybridization on a gold electrode can be detected using the extended-gate FET sensor with a high-frequency (1 MHz) voltage superimposed onto the reference electrode.
Detection of DNA hybridization and extension reaction by an extended-gate FET sensor
Since DNA molecules have phosphate ions, which are negatively charged in an aqueous solution, the number of negative charges increases as the result of DNA hybridization and extension reaction. This charge-change can be directly transduced into an electrical signal by the FET sensor. The detection of DNA hybridization by an FET sensor with a SiN gate insulator has been previously reported. 8, 9, 11, 12, 14 However, the preparation of FET sensors with the SiN gate insulator required a silane-coupling method to immobilize the DNA probes on it.
The silane-coupling method has many complicated steps, and it is difficult to control the DNA probe density. 9, 11 The density of the immobilized DNA probes is strongly dependent on the DNA hybridization efficiency. In addition, an FET sensor with a SiN gate insulator must be operated in a dark environment because of its light sensitivity. To overcome these problems, the extended-gate FET sensor has been developed for the detection of DNA hybridization and extension reaction. In addition, the relationship between the DNA probe density and the hybridization efficiency was clarified, and the DNA probe density was optimized to 2.6 × 10 12 molecules/cm 2 by a competitive reaction between DNA probes and 6-HHT. 13 The competitive reaction method was used to immobilize DNA probes on the gold electrode of the extended-gate FET sensor.
The potential behavior of the gold electrode after a DNAhybridization event and an extension-reaction event was investigated by using the extended-gate FET sensor, which had an optimized DNA probe density of 2.6 × 10 12 molecules/cm 2 , with a voltage of 1 MHz superimposed onto the reference electrode.
The gate-voltage (Vg) and drain-current (Id) characteristics of the FET sensor after hybridization and the extension reaction are shown in Fig. 6 . An enlarged view of the curves in the circled area in Fig. 6(a) is shown in Fig. 6(b) . After DNA hybridization, Vg shifted in the positive direction by 86 mV. This positive shift was due to increasing negative charges as a result of DNA hybridization on the gold electrode. Under the assumptions of the area of the gold electrode (400 × 400 μm) and the immobilized DNA density (2.6 × 10 12 molecules/cm 2 ) 13 at a mixed ratio of 1:10, hybridization at 8 fmol of the target DNA was detected. After the extension reaction, Vg further shifted in the positive direction by 60 mV. This positive shift was due to increasing negative charges corresponding to an elongation of the DNA probe. Thus, the DNA hybridization and extension-reaction events on the gold electrode of the extended-gate FET sensor can be directly detected without labeling. Since the extended-gate FET sensor uses neither a labeling reagent nor a light-shielding box, as compared with a conventional fluorescence-based DNA chip, it is suitable as a small-scale biosensor for clinical applications.
